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Phosphorus diffusion is well known to getter effectively metal impurities during silicon solar cell
processing. However, the main mechanisms behind phosphorus diffusion gettering are still unclear.
Here, we analyze the impact of oxygen, phosphosilicate glass as well as active and clustered
phosphorus on the gettering efficiency of iron. The results indicate that two different mechanisms
dominate the gettering process. First, segregation of iron through active phosphorus seems to
correlate well with the gettered iron profile. Secondly, immobile oxygen appears to act as an
effective gettering sink for iron further enhancing the segregation effect. Based on these findings,
we present a unifying gettering model that can be used to predict the measured iron concentrations
in the bulk and in the heavily phosphorus doped layers and explains the previous discrepancies
reported in the literature.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904961]
I. INTRODUCTION
Phosphorus diffusion gettering (PDG) is an efficient and
widely used technique to reduce the impact of metal impur-
ities on the performance of silicon solar cells. However, the
mechanisms that cause the redistribution of impurities from
the bulk into the layers near the surface are still under
research.
Gilles et al.1 found that phosphorus doping increases the
solubility of iron and thereby attracts impurities through seg-
regation mechanisms. The increased solubility as a function
of phosphorus concentration was explained by a Fermi-level
effect and by the pairing of negatively charged substitutional
iron with positively charged substitutional phosphorus.1,2
The presence of substitutional iron in heavily phosphorus
doped silicon is supported also by the emission channeling
patterns of Fe,3 by M€ossbauer spectroscopy,4,5 and by ab ini-
tio calculations.6,7 In the PDG models previously reported,
the segregation coefficient is based on the pairing of substitu-
tional iron with substitutional phosphorus.2,8–12 However,
the published segregation coefficients2,8–12 overestimate the
segregation compared to the measurements of wafers from
Ref. 1 with lower phosphorus concentrations than typically
present in PDG experiments. Phang et al.13 recently revealed
that a simple segregation mechanism based on an interaction
of substitutional phosphorus and iron leads either to an
underestimation of the gettering efficiency in heavily doped
regions or to an overestimation in lowly doped regions,
depending on the chosen segregation coefficient.13 Recent
gettering experiments from Gindner et al.14 with phosphorus
diffusions which result in the same sheet resistance but differ
strongly in oxygen gas flow during drive-in support the find-
ing that gettering cannot be solely explained by substitu-
tional phosphorus.
In contrast to the models that are based on segregation
of iron due to active phosphorus, Chen et al.15,16 and
Tryznadlowski et al.17 proposed a gettering mechanism that
involves a complex of P4V and Fe atoms. Their model was
based on results of density functional theory (DFT) simula-
tions16 and it was found to agree with the experiments
reported in Ref. 11.
Syre et al.18 found a linear dependency between oxygen
and iron profiles measured by SIMS in the heavily phospho-
rus doped layer. They explained the results with an iron oxy-
gen vacancy complex. A quite similar effect of oxygen
induced segregation of metals into the phosphorus doped
layer was proposed by Amarray et al.19 Phosphosilicate glass
(PSG) is discussed as another possible sink for iron.20,21
To summarize, the proposed models explain single PDG
experiment, but the exact gettering mechanism is still
unclear. In this work, we aim to get a deeper insight into the
dominating gettering mechanisms by analyzing a set of PDG
experiments with a combination of SIMS and bulk iron
measurements. We include experiments with varying con-
centration of inactive phosphorus, temperature and PSG
thickness in order to separate the effect. We propose a model
that is able to explain both the experiments reported previ-
ously and also the new results reported here.
II. EXPERIMENT
In the experiments, p-type Czochralski-grown silicon
wafers with a thickness of 500 lm, a resistivity of 15.1–16.4
X-cm, and an oxygen level of 13 ppma (6.5 1017cm3)
were intentionally contaminated to two different iron levels:
(i) 1.8 1013cm3 (low) and (ii) 1 1014cm3 (high). The
contamination was done by a procedure which is described
in more detail in Ref. 21. After contamination a 440-nm-
thick oxide was grown on the wafers at 1000 C. The high
temperature treatment ensured a homogeneous Fe distribu-
tion throughout the wafer.21 Prior to phosphorus diffusion,
the thermal oxide at the front side of the wafer was etched
off. The backside oxide layer was kept as a diffusion barrier.a)email: jonas.schoen@ise.fraunhofer.de.
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In order to study separately the impact of POCl3-N2 dif-
fusion time and a low-temperature tail, four different phos-
phorus diffusion processes were applied (see Table I): (a)
annealing at 870 C for 60 min in POCl3-N2 atmosphere with
subsequent fast cooling (POCl60), (b) annealing at 870 C
for 30 min in POCl3-N2 atmosphereþ 30 min drive-in in an
oxidizing atmosphere with subsequent fast cooling
(POCl30_30), (c) annealing at 870 C for 60 min in POCl3-
N2 atmosphere with subsequent slow cooling (1 h) to 800
C
followed by 120 min at 800 C (POCl60þ 800) and (d)
annealing at 870 C for 30 min in POCl3-N2 atmosphereþ 30
min drive-in in an oxygen atmosphere with subsequent slow
cooling (1 h) to 800 C followed by 120 min at 800 C
(POCl30_30þ 800). During drive-in the ratio between oxy-
gen and nitrogen is much higher than during the POCl3-N2
deposition phase. The resulting higher oxidation rates lead to
higher silicon consumption and thicker glasses for processes
with 30 min drive-in (see Table I).
After the phosphorus diffusion the phosphosilicate glass
(PSG) at the front side of the wafer was etched off.
Interstitial iron concentration in the wafer bulk was meas-
ured using the surface photovoltage (SPV) method by PV-
2000 Semilab Inc. The measurement procedure is described
in more detail in Ref. 21.
The phosphorus, oxygen, and iron profiles in the heavily
doped regions were measured with secondary ion mass spec-
troscopy (SIMS). SIMS measurement was carried out either
before or after the PSG was etched off, depending on the
samples. In addition, depth profiles of the substitutional
phosphorus concentrations were measured with electrochem-
ical capacitance-voltage (ECV) profiling. The concentration
of interstitial phosphorus is several orders of magnitude
smaller than the substitutional phosphorus concentration.
Thus, we can deduce the concentration of phosphorus in
complexes and clusters from the difference of the SIMS and
ECV results.
III. PROCESS SIMULATION
We use the software Sentaurus Process22 for the com-
bined simulation of the PSG growth, phosphorus in-
diffusion, oxygen in-diffusion, diffusion of silicon defects
and iron gettering. The growth of the phosphosilicate glass
(PSG) and the phosphorus in-diffusion during the POCl3 pro-
cess is based on the models presented in Ref. 23. The model
considers the consumption of silicon during PSG growth.
For the activation and clustering of phosphorus a transient
model22 is used and all clustered phosphorus is assumed to
be P4V.
Silicon eigen defects, i.e., vacancies and interstitials of
different charge states are simulated with the standard mod-
els of the software.22 The concentration of interstitials and
vacancies at the silicon side of the PSG/Si interface is set to
the solubility at the process temperature plus an extra inter-
stitial flux depending on the reaction velocity of the PSG.
For the simulation of oxygen in-diffusion we assume
two species to take the retardation of the oxygen diffusion in
heavily phosphorus doped silicon24–26 into account:
Interstitial oxygen (Oi) with the known diffusivity of
D Oið Þ ¼ 0:16 exp 2:529eVkBT
 
cm2s 27 and an immobile oxy-
gen species. In local equilibrium the ratio between the two
species kimmo ¼ ½Oimmo=½Oi is constant. The effective oxy-
gen diffusivity Deff(O) in the heavily phosphorus doped layer
can then be written as:
Def f ðOÞ ¼ DðOiÞ  ½Oi=½OTotal ¼ DðOiÞ=ð1þ kimmoÞ: (1)
We assume that the PSG is an infinite source for oxygen
that diffuses into the silicon. The oxygen concentration at
the PSG/Si interface is given by:
½OTotalInterf ace ¼ ½OiInterf ace  ð1þ kimmoÞ: (2)
kimmo and [Oi]Interface are fitted to the measured oxygen
profiles.
Gettering of Fe is simulated with different segregation
mechanisms for Fe, assuming local equilibrium. The value
for the diffusivity of interstitial Fe in silicon is taken from
Ref. 28. Gettered species are assumed to be immobile. The
measured Fe concentrations before phosphorus diffusion are
used as initial concentrations.
IV. RESULTS
A. Phosphorus profiles
Measured total phosphorus concentration profiles
(SIMS) and substitutional phosphorus profiles (ECV) after
POCl60 and POCl30_30 are shown in Figure 1. The two
ECV profiles are rather similar: (i) There is a plateau at
around 4 1020 cm3 in the first 80 (POCl30_30) to 90 nm
TABLE I. Summary of phosphorus diffusions, measured sheet resistances
and glass thicknesses.
Process POCl3 Drive-in 800
C Rsheet Glass thickness
POCl60 60min — — 24 X/sq 39 nm
POCl30_30 30min 30min — 25 X/sq 75 nm
POCl60þ 800 60min — 120min 21 X/sq 39 nm
POCl30_30þ 800 30min 30min 120min 23 X/sq 75 nm FIG. 1. Phosphorus profiles (SIMS and ECV) for processes POCl60 and
POCl30_30 with the corresponding simulations.
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(POCl60), which is only slightly higher after POCl60 and
(ii) the overall profile depth is around 600 nm in both cases
(slightly deeper after POCl30_30). On the contrary, the
SIMS profiles differ significantly within the first the first
50 nm: The total phosphorus concentration after POCl60 is
more than two times higher than after POCl30_30.
The simulated total and substitutional phosphorus
profiles agree fairly well with the measured profiles (see
Figure 1). Only the total phosphorus concentration for the
POCl30_30 process is slightly overestimated in the
simulations.
B. Oxygen profiles
Measured (SIMS) and simulated oxygen profiles after
POCl30_30þ 800 and POCl60þ 800 processes are presented
in Figure 2. The measured oxygen concentrations close to the
PSG/Si interface are several orders of magnitude higher than
the solubility of interstitial oxygen at the process temperature,
given by Sol(Oi) ¼ 9 1022cm3  exp 1:52eVkBT
 
.27 In addi-
tion, the oxygen profiles indicate that the diffusivity in the
heavily phosphorus doped region is approximately a factor of
1000 smaller than the diffusivity of interstitial oxygen in mod-
erately doped silicon.27 These observations could be explained
by a second rather immobile oxygen species that is dominant
in heavily phosphorus doped regions with high vacancy con-
centrations. In Refs. 24–26, a less pronounced retardation of
the oxygen diffusion in phosphorus doped silicon is reported.
In this work, we cannot specify whether the immobile
species is an oxygen dopant complex as proposed in Refs. 24
and 25, an oxygen vacancy complex29,30 or another oxygen
complex. However, in the heavily phosphorus doped layer,
the vacancy concentration is dominated by the concentration
of the double negatively charged vacancies.31,32 Thus, the
vacancy concentration is proportional to the quadratic elec-
tron concentration n: [V2]  nni
 2 [V0]. The simulated
concentration of neutral vacancies V0 in the plateau region is
almost identical for POCl60 and POCl30_30. The electron
concentration n is determined by the active phosphorus con-
centration. Thus, the concentration of the rather immobile
oxygen species increases with the electron concentration n in
both cases, with an oxygen vacancy and with an oxygen dop-
ant complex.
By assuming that the immobile species is an oxygen va-
cancy complex, kimmo becomes proportional to n
2. The concen-
tration of neutral vacancies and other experimentally not easily
accessible quantities are included in the fitted prefactor. The
measured oxygen profiles are well reproduced with kimmo ¼
0:09 nni
 2 and an interstitial oxygen concentration at the
interface of ½OiInterf ace ¼ 2 1024cm3  exp 1:52eVkBT
 
(see
Figure 2). The interstitial oxygen concentration at the PSG/Si
interface is a factor of 22 higher than the Oi solubility deter-
mined by Mikkelsen et al.27 However, literature data for the ox-
ygen solubility show considerable scatter.33 One reason is that
the oxygen surface concentration depends strongly on the proc-
essing condition and is higher during oxidation.33,34
The dependency of the oxygen surface concentration on
n ensures that the immobile species appears only in the heav-
ily phosphorus doped region. The difference between the
two oxygen profiles (Figure 2) is due to the dependency of
the oxygen concentration at the PSG/Si interface on n and
the higher silicon consumption during the drive-in phase
(compared to the deposition phase) shifting the oxygen pro-
file towards the PSG/Si interface.
C. Fe profiles
In Figure 3, the Fe profiles (a) are shown for highly and
lowly contaminated samples after POCl60þ 800 and
POCl30_30þ 800. The profiles have a maximum Fe concen-
tration at the PSG surface and at the PSG/Si interface. The
Fe profiles exhibit a steep decrease within the first 35–50 nm
of silicon. During the next 60–80 nm, the Fe concentration
decreases slightly until the detection limit of SIMS is
reached. The POCl60þ 800 leads to higher Fe concentra-
tions between 10 and 50 nm for the highly contaminated
samples and to higher Fe concentrations after 40 nm for the
lowly contaminated samples.
For all SIMS measurements, the overall Fe near the sili-
con surface (calculated from the SIMS profile) plus the
measured bulk Fe concentration equals between 75% and
117% of the initial Fe content. The deviation of the Fe dose
in silicon from the initial Fe dose is within the error margins
of the SIMS measurements. In addition, lateral inhomogene-
ities of few percent in the P and O profiles should be taken
into account. Within the limit of the measurement accuracy,
we conclude that the dominant gettering takes place in the
heavily phosphorus doped region. Nevertheless, high Fe con-
centrations were measured inside the PSG, especially
towards the PSG surface. This may well be explained by in-
diffusion of Fe from the furnace. It is important to notice that
our SIMS measurements give only qualitative profiles within
the PSG because of the absence of a calibration standard.
D. Gettering mechanisms
For a first evaluation of the possible gettering mecha-
nisms the depth profiles of the impurities that might cause
the gettering of Fe are shown in Figure 3(b) below the meas-
ured Fe profiles (a). The ECV profiles for substitutional
FIG. 2. Comparison of measured (SIMS) and simulated oxygen profiles after
POCl30_30þ 800 and POCl60þ 800 processes.
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phosphorus have a typical slightly decreasing plateau in the
first 110–130 nm determined by the phosphorus solubility.
The profiles of the electron density, which might also influ-
ence the gettering effect (see Eq. (4)), have similar character-
istics according to the simulations. The oxygen
concentration decreases steeply from the interface towards
the bulk and already after 60–70 nm reaches a typical oxygen
concentration level found in silicon. The concentration of
P4V complexes decreases moderately in the first 100 nm. For
the P4V profiles, the largest difference can be seen between
the wafers after POCl30_30þ 800 and POCl60þ 800
processes.
The shape of the Fe profiles from Figure 3(a) matches
none of the profile shapes shown in (b). The steep decrease
of the Fe profiles in the beginning correlates with the
decrease of the oxygen concentration, but the smooth
decrease between 40 and 120 nm follows the phosphorus
profiles. Thus, the characteristics of the Fe curves can be
explained by a superposition of 2 profiles suggesting that
two separate mechanisms are responsible for the Fe
gettering.
In the following, we simulate the PDG of Fe using com-
binations of different models to explain the experimental
results. We start with the combination of an iron oxygen
complex and an interaction of substitutional Fe with substitu-
tional phosphorus as in Refs. 2, 8, and 10.
We determine the segregation coefficient kFe(O) for seg-
regation of Fe into the surface layer due to high oxygen con-
centration as:
kFe Oð Þ ¼
Fei½ eq þ FeO½ eq
Fei½ eq




For the simulation of segregation due to the interaction of
substitutional phosphorus Pþ and Fe, we use the model pre-
sented in Ref. 10 with a segregation coefficient of:
kFe P







The concentration of substitutional Fe and thus the segrega-
tion coefficient should be proportional to the vacancy con-
centration. However, the same argumentation as for the
immobile oxygen species holds for the substitutional Fe: The
vacancy concentration is dominated by the concentration of
the double negatively charged vacancy which is proportional
to n2. The concentration of neutral vacancies is included in
the prefactor of the segregation coefficient. A dependency of
the segregation coefficient on the experimentally inaccessi-
ble vacancy concentration is thus avoided.
Figure 4 shows the Fe profiles in the phosphorus doped
region after POCl60_800 and POCl30_30_800 simulated
with the combined model including both segregation mecha-
nisms. After PDG, most of the Fe (>90%) is in the heavily
phosphorus doped region. Thus, the total amount of Fe in
this region can be increased only slightly (<10%) by process
variation or a higher segregation coefficient. The simulated
FIG. 3. Measured iron SIMS profiles (a), oxygen SIMS profiles (b), simu-
lated active phosphorus (b) and simulated P4V (b) after POCl30_30þ 800
and POCl60þ 800 processes. Filled and open symbols in (a) correspond to
different SIMS measurements. Note that SIMS gives only qualitative Fe pro-
files within the PSG.
FIG. 4. Measured and simulated Fe profiles for POCl30_30þ 800 and
POCl60þ 800 processes for high initial Fe concentrations. The used model
considers segregation due to Pþ-Fe and Fe-O complexes. The dotted and
dashed lines are simulated profiles of Fe gettered by the oxygen complex
and the active phosphorus, respectively. For a clear presentation not all
SIMS profiles from Figure 3(a) are shown.
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Fe profiles agree well with the measured SIMS profiles. On
the contrary, the shapes of the simulated Fe-O and Fe-Pþ
profiles (dotted and dashed lines in Figure 4) differ signifi-
cantly from the SIMS Fe profiles. This demonstrates that get-
tering due to only one of the segregation mechanisms can be
excluded. The height of the Fe profiles is determined by the
chosen prefactor in the segregation coefficient equations (3)
and (4). However, a different prefactor has no influence on
the shape of the Fe profiles.
According to the simulations most of the Fe is gettered
by the immobile oxygen complex. However, also the fraction
of Fe gettered by substitutional phosphorus is significant.
The P4V profiles in Figure 3(b) show a stronger decrease
within the plateau region than the active phosphorus profiles.
However, a P4V complex would getter Fe mainly into the
first 100–120 nm similar to the Pþ-Fe mechanism. Thus, we
also implement a model considering Fe segregation due to
Fe-O complexes and Fe-P4V complexes.
As proposed in the model by Chen et al.,15 we assume a
complex of P4V-Fe with a binding energy of 1.52 eV. In our
model, P4V is the only complex for clustered phosphorus.
We determine the pre-factor for the Fe-P4V binding from our
measurements. The segregation coefficient ks(P4V) for
regions with high P4V concentrations is:
kFe P4Vð Þ ¼ 1:0þ 2:9 1023cm3  exp 1:52eV
kBT
 
 P4V½ : (5)
The simulations for the combined model considering segre-
gation due to Fe-O complexes and Fe-P4V complexes are
compared with the SIMS profiles in Figure 5. The correlation
is almost as good as for the model considering segregation
due to Pþ-Fe and Fe-O complexes (see Figures 4 and 5). The
simulated P4V-Fe concentrations are also shown in Figure 5.
The results demonstrate that gettering due to only P4V-Fe
complexes cannot explain the measured Fe profiles.
Neither the combined model with P4V-Fe and P
þ-Fe
(Figure 5) nor the combined model with Fe-O and Pþ-Fe
(Figure 4) is able to reproduce the difference observed in the
measured Fe profiles in the depth interval of 10–50 nm in
POCl30_30þ800 and POCl60þ 800 samples with high [Fe].
A similar difference is not observed in the low [Fe] samples
(see Figure 5) that have a similar [Fe] shape (in the depth
interval of 10–50 nm) as ’POCl30_30þ 800’ with high [Fe].
All other results, especially the Fei measurements (Figure 7),
indicate that the gettering mechanisms are based on segrega-
tion which should result in similar Fe shapes for low and
high [Fe]. Although further investigations are needed to
judge if the observed difference is due to an additional mech-
anism, it is more likely resulting from small process varia-
tions or measurement uncertainties.
In addition, we test a combination of the segregation
coefficients (4) and (5), i.e., Pþ-Fe complex and Fe-P4V
complex, but this combination is not able to reproduce the
measured Fe profiles.
E. Interstitial Fe concentration
The detailed cooling process after phosphorus in-
diffusion is included in the simulations. During the cooling
process, the Fe concentration at the front side decreases due
to the increasing segregation coefficient (Eqs. (3)–(5)). Thus,
the final Fe concentration is strongly inhomogeneous in
depth. The simulated Fei concentration profile after
POCl60þ 800 using a cooling rate of 300K/min outside the
furnace is shown in Figure 6. For this Fei profile, we obtain a
mean Fei concentration of 2.1 1011 cm3 in a distance
between 5 and 9lm from the front surface. This was experi-
mentally confirmed by DLTS measurement where after of
5 lm silicon was etched off an Fei concentration of
2.2 1011 cm3 was measured.
In samples that have a low minority carrier lifetime, the
SPV measurements are dominated by the carrier lifetime at
the measurement side. Thus, the in depth inhomogeneity of
the Fei profiles has to be considered when comparing the
simulation and Fei concentration measurements in the bulk.
We simulate the depth dependent electron density during the
measurement with Sentaurus Device22 by assuming depth
dependent diffusion length, which is calculated from the
FIG. 5. Simulated Fe profiles for high and low initial [Fe] wafers after
POCl30_30þ 800 and POCl60þ 800 processes in comparison to SIMS pro-
files. The used model considers segregation due to P4V-Fe and Fe-O com-
plexes. The dashed lines are simulated profiles of the Fe gettered by the P4V
complex.
FIG. 6. Simulated Fei depth profile for a highly contaminated wafer after
POCl60þ 800 process and the simulated electron density during SPV
measurement.
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simulated Fei depth profiles in the bulk (see Figure 6). From
Figure 6, it becomes obvious that a direct comparison of
simulated mean Fei concentration and SPV measurement
from the front side leads to an overestimation of the segrega-
tion coefficient. Due to the inhomogeneous Fei concentration
and the strong decrease of the electron density close to the
surface, the measured Fei concentration depends strongly on
the measurement side. Therefore, we simulate the electron
density for the simulated Fei depth profiles and estimate the
corresponding SPV signal by comparing the electron density
with the results for homogeneous Fei concentrations. For
highly contaminated wafers after POCl60þ 800 (see Figure
6), we simulate an Fei concentration of 2.0 1012cm3
(measurement: 2 1012cm3) for SPV from the backside
and an Fei concentration of 1.2 1012cm3 (measurement:
0.8 1012cm3) for SPV from the front side. For higher Fei
concentrations this effect becomes even more important.
This effect was neglected in Ref. 11, which resulted in a sys-
tematically overestimated segregation coefficient (by about a
factor of 1.5).
The simulated and measured Fei concentrations in
Figure 7 determined from SPV from the front side coincide
fairly well. An almost constant ratio between highly and
lowly contaminated samples after different processes, i.e.,
the independence from total iron concentration, is another in-
dication that no other mechanism than segregation, as
reported in Ref. 21, is responsible for gettering. It is impor-
tant to notice that while SIMS is unable to detect strong dif-
ferences in gettering efficiency between 30 and 60min
POCl3 (Figure 3(a)) the Fei concentration is clearly changing
as seen in Figure 7.
Our proposed model is able to clarify the discrepancies
in the published results on PDG. To give an example, the
higher gettering efficiency of a short and strong P diffusion
followed by an oxidation compared to a weak P diffusion
with almost the same substitutional P profile13 is probably a
result of the deeper oxygen profile. The relative small segre-
gation effect found by Gilles et al.1 in wafers doped with
phosphorus during crystallization can be explained if only
the segregation due to phosphorus without the Fe-O complex
is considered.
V. CONCLUSIONS
Conventionally, metal impurity gettering is character-
ized by measuring the remaining metal concentration in the
wafer bulk which indeed is the measure of the actual getter-
ing efficiency. However, in order to get a deeper insight on
the actual gettering mechanisms, we have extended our study
to characterize the iron profiles also in the heavily doped
region after various phosphorus diffusion processes. Our
findings support segregation based gettering by two parallel
defect reactions: (i) between iron and immobile oxygen com-
plex and (ii) between iron and phosphorus.
The SIMS profiles suggest that the segregation of Fe in
heavily phosphorus doped regions is due to a reaction with
active phosphorus. Thus, we propose a model including get-
tering due to the immobile oxygen complex and active phos-
phorus. However, a Fe-P4V complex as proposed by Chen
et al.15 (on the basis of DFT simulations) could not be fully
excluded. Further experiments resulting in additional oxy-
gen, phosphorus and substitutional phosphorus concentration
data would be beneficial.
The presented model for PDG allows the simulation of
iron gettering from the bulk together with accurate iron, phos-
phorus, and oxygen profiles in the heavily doped region. The
new insights can be a promising basis for improving the get-
tering efficiency without influencing the emitter characteris-
tics, e.g., using a process with similar sheet resistance but
higher oxygen concentration in the vicinity of the surface.
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